






















Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 20, 2017
Prediction of dynamic loads and induced vibrations in stall





Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Thirstrup Petersen, J., Aagaard Madsen, H., Björck, A., Enevoldsen, P., Øye, S., Ganander, H., & Winkelaar, D.



















































Direction of vibration  [deg]
Local damping coefficient at radius 14 m.
Edge Flap
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Edgewise moment, blade root.
Blade 3
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Angle of attack  [deg]
Airfoil data.
C_L, t/c = 18%
C_D, t/c = 18%

























Wind speed  [m/s]
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Wind speed  [m/s]
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Wind speed  [m/s]
Quasi-steady power and derivative per unit length.
Power
5 dPower/dV
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Wind speed  [m/s]
Quasi-steady axial force and derivative per unit length.
Force
5 dForce/dV
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Wind speed  [m/s]
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Wind speed  [m/s]
Component of quasi-steady flapwise damping (force).
c_yy_R (Total) = c_yy_R(dF_u)
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Direction of vibration  [deg]
Local damping coefficient at radius 14 m.
Edge Flap
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Mode shape vibration direction. Ex1.
Flapwise: -90 deg.
Edgewise:   0 deg.
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Blade mass distribution. Ex1.
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Wind speed  [m/s]
1st edgewise mode. Ex1.
Tip pitch = 0 deg.






















Wind speed  [m/s]
1st flapwise mode. Ex1.
Tip pitch = 0 deg.
Airfoil t/c = 18%
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1st flapwise mode. Ex1.
18 m/s
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Simplified mode shapes. Ex2.
Edgewise. r/R
Flapwise. u_0.





















Wind speed  [m/s]
Simplified edgewise mode. Ex2.
Vibration dir. = 0 deg.
Tip pitch = 0 deg





















Wind speed  [m/s]
Simplified flapwise mode. Ex2.
Vibration dir. = 90 deg.
Tip pitch = 0 deg
Airfoil t/c = 18%
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Simplified flapwise mode. Ex2.
18 m/s
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Wind speed  [m/s]
Quasi-steady power per blade. Ex2.
Tip pitch = 0 deg
P_b
5 dP_b/dV























Wind speed  [m]
Quasi-steady axial force per blade. Ex2.
Tip pitch = 0 deg F_b5 dF_b/dV
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Original and modified airfoil lift data.
Original
Modified C_L,max = 1.1
Modified C_L,max = 1.2
















Original and modified airfoil drag data.
Original
Modified C_L,max = 1.1
Modified C_L,max = 1.2
Modified C_L,max = 1.3
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Direction of vibration  [deg]
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Wind speed  [m/s]
Edgewise damp. coeff. per unit length. Original.
Vib. dir.   0 deg.
Vib. dir.  -4 deg.
Vib. dir.  -8 deg.















Wind speed  [m/s]
Flapwise damp. coeff. per unit length. Original.
Vib. dir.   0 deg.
Vib. dir.  86 deg.
Vib. dir.  82 deg.
Vib. dir.  78 deg.

















Wind speed  [m/s]
Edgewise damp. coeff. per unit length. C_L,max = 1.1.
Vib. dir.   0 deg.
Vib. dir.  -4 deg.
Vib. dir.  -8 deg.















Wind speed  [m/s]
Flapwise damp. coeff. per unit length. C_L,max = 1.1.
Vib. dir.   0 deg.
Vib. dir.  86 deg.
Vib. dir.  82 deg.
Vib. dir.  78 deg.

















Wind speed  [m/s]
Edgewise damp. coeff. per unit length. C_L,max = 1.2.
Vib. dir.   0 deg.
Vib. dir.  -4 deg.
Vib. dir.  -8 deg.















Wind speed  [m/s]
Flapwise damp. coeff. per unit length. C_L,max = 1.2.
Vib. dir.   0 deg.
Vib. dir.  86 deg.
Vib. dir.  82 deg.
Vib. dir.  78 deg.
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Wind speed  [m/s]
Edgewise damp. coeff. per unit length. C_L,max = 1.3.
Vib. dir.   0 deg.
Vib. dir.  -4 deg.
Vib. dir.  -8 deg.















Wind speed  [m/s]
Flapwise damp. coeff. per unit length. C_L,max = 1.3.
Vib. dir.   0 deg.
Vib. dir.  86 deg.
Vib. dir.  82 deg.
Vib. dir.  78 deg.






















Wind speed  [m/s]
1st edgewise mode.
Tip pitch = 0 deg.























Wind speed  [m/s]
1st flapwise mode.
Tip pitch = 0 deg.
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Wind speed  [m/s]



















Wind speed  [m/s]
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Edgewise damping. Vibration direction offset.
a: Original data
b: C_L,max = 1.1
c: a -5 deg. vib. dir.





















Flapwise damping. Vibration direction offset.
a: Original data
b: C_L,max = 1.1
c: a -5 deg. vib. dir.
d: b -5 deg. vib. dir.
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Modified airfoil lift data.
t/c = 14.6%, C_L,max = 1.2
t/c = 16.1%, C_L,max = 1.3
t/c = 17.6%, C_L,max = 1.4
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Modfied airfoil drag data.
t/c = 14.6%, C_L,max = 1.2
t/c = 16.1%, C_L,max = 1.3
t/c = 17.6%, C_L,max = 1.4
t/c = 33.1%, C_L,max = 1.6
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Angle of attack  [deg]
Modified airfoil data. Vortex generators.
C_L
C_D
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Original airfoil lift data.
C_L Et1.









Radius  [m] A.o. attack [deg]
C_L
Original airfoil drag data.
C_D Et1.
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C_D
ST U V W X%Y Z [ t Zpu%T f d W T h V d T ^ k^ b%^ W T U T k6a c a T W b ^ T c_ a d aa c ^ k Ud g Xh c a _ X Z
v w x&y z { | x9| } ~ v   R
Modified airfoil lift data.
C_L Et3.
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C_L
Modified airfoil drag data.
C_D Et3.
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C_D
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Modified airfoil lift data. Stall strips.
C_L Et4.









Radius  [m] A.o. attack [deg]
C_L
Modified airfoil drag data. Stall strips.
C_D Et4.
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Airfoil lift data. Stall strips + vortex generators.
C_L Et5.
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C_L
Airfoil drag data. Stall strips + vortex generators.
C_D Et5.
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Profile thickness ratio t/c.
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d: Stall strips + vortex
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d: Stall strips + vortex





























d: Stall strips + vortex
e: d - 2 deg. vid. offset
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d: Stall strips + vortex
































d: Stall strips + vortex
e: d - 2 deg. vid. offset
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Wind speed  [m/sec]
Quasi-steady axial force, 3 blades.
All settings.























Vibration direction offset [deg]
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, ∆θ tip = 0.0
o
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, ∆θ tip = -3.0
o
.
	    Ł)   ¡ Ł     '     $  M¢   N    Łﬂ )     M 	 Ł  $  M$    M Ł     M  Ł 


















Wind speed  [m/sec]




























Wind speed  [m/sec]
Quasi-steady power, 3 blades.
All settings.
	    ŁM    £ ¢	Ł ﬂ  9    Ł  ¤     Ł    $    S   Ł9   Ł 9 K	    Ł 9    'S   ¡ ¤
 Ł   Ł    ¥ Ł   













Wind speed  [m/sec]









, ∆θ tip = 0.0
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∆θ tip = -3.0
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Wind speed  [m/sec]
Quasi-steady power, 3 blades.
Original.
∆θ tip = +3.0
o
.
















Wind speed  [m/sec]
Quasi-steady axial force, 3 blades.
Original.
∆θ tip = +3.0
o
.
∆θ tip = -3.0
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Frequency ratio  [f_n/f_n0]
Influence of mass and stiffness.
-Aero. damp. M_n/M_n0 = 0.7
-Aero. damp. M_n/M_n0 = 1.0
-Aero. damp. M_n/M_n0 = 1.4
Str. damp. Ref = 2.5%
Str. damp. Ref = 3.0%
Str. damp. Ref = 3.5%
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1st edgewise mode shape, 2.9 Hz.
Deflection in plane.
Deflection out of plane.






















1st flapwise mode shape, 1.8 Hz.
Deflection in plane.
Deflection out of plane.
Rotation about blade axis.
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1st edgewise mode. No translation.
Wind speed = 20 m/s
Radius = 19.2 m
No rotation.
Phase   0 deg.






















Wind speed = 20 m/s
Radius = 19.2 m
No rotation.
Phase   0 deg.
Phase  90 deg.
Phase 180 deg.
Phase 270 deg.
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Tip amp. = 0.20 m
Frequency = 2.963 Hz
Pitch amp. = 1 deg
No pitch rotation.
   0 and 180 deg.
  45 and 135 deg
  90 deg.

























Tip amp.  = 0.50 m
Frequency = 1.806 Hz 
Pitch amp. = 1 deg
No pitch rotation.
  0 and 180 deg.
 45 and 135 deg.
 90 deg.
225 and 315 deg.
270 deg.
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Wind speed = 20 m/s
Radius = 19.2 m
No rotation.




















Wind speed = 20 m/s
Radius = 19.2 m
No rotation.
Phase  90 deg.
Phase 270 deg.
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Field rotor measurements.  Tellus turbine (Risoe)
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file:oc_242211_s , lpotmeth=4, alfa-shift due to du/dt, fu=0.5
file:oc_232211_s , lpotmeth=3, alfa-shift due to du/dt, fu=0.5
file:oc_222211_s , lpotmeth=2, alfa-shift due to du/dt, fu=0.5
file:oc_212211_s , lpotmeth=1, alfa-shift due to du/dt, fu=0.5
Static data from file: lm18oc_1.cls
Tp=0.8, Tf=7, Tv=2, fu=0.5
Oscillations in lead-lag, (delta=90), amplitude:s,amp=0.2, k=0.2
Dynamic stall model with different models for the shed wake
FFA dynamic stall calculations, STALLVIB project
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Dynamic stall with shed wake effects, lpotmeth=4
Dynamic stall without shed wake effects 
Quasi-steady aerodynamics
Tp=0.8, Tf=7, Tv=2
Oscilltions in the flapwise direction
k=0.1
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No shed wake. 
Shed wake, lpotmeth=1
Shed wake,  lpotmeth=2
Shed wake,  lpotmeth=3
Shed wake,  lpotmeth=4
Aerofoil-data: lm191oc, 18% t/c
Tp=0.8,  Tf=7, Tv=2, fufac=0.0
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No shed wake. No velocity effects on Sep. point
Shed wake, lpotmeth=4. Velocity effects on Sep. point, fu=0.5
Tp=0.8,  Tf=7, Tv=2
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No shed wake. No velocity effects on Sep. point
No shed wake. Velocity effects on Sep. point, fu=0.5
Shed wake, lpotmeth=4. No velocity effects on Sep. point
Shed wake, lpotmeth=4. Velocity effects on Sep. point, fu=0.5
Tp=0.8,  Tf=7, Tv=2
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Angle of attack [deg]
Risoe 14% airfoil. Reduced frequency k=0.11
Measurement C_L
Measurement C_D
C_L - Beddoes dyn. stall model








ﬀﬂ4s X v v w o3t x p W j3t
u y




w t j t z/W p W j o l
D
' & F 8 D













0 5 10 15 20 25 30
C_
D
Angle of attack [deg]
Risoe 14% airfoil. Reduced frequency k=0.11
Measurement C_D
CD - Beddoes dyn. stall model
Steady C_D
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Tip amp. = 0.20 m
Frequency = 2.963 Hz
τ f = 6.00η
c = 0.95
No dyn. stall.































1st edgewise mode. 20 m/s.
Tip amp. = 0.20 m
Frequency = 2.963 Hz 




C_L and C_D dyn. stall.
C_L dyn. stall.
C_D dyn. stall.
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Angle of attack [deg]
Static and dynamic drag.
1st edgewise mode
Frequency = 2.963 Hz 
Amplitude at tip = 0.2 m
Wind speed = 20 m/s
τ f = 6.00η
c = 0.95
C_D,sta : r = 15.0 m














Angle of attack [deg]
Static and dynamic lift.
1st edgewise mode
Frequency = 2.963 Hz 
Amplitude at tip = 0.2 m
Wind speed = 20 m/s
τ f = 6.00η
c = 0.95
C_L,sta : r = 15.0 m
C_L,dyn : r = 15.0 m
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Tip amp.  = 0.50 m
Frequency = 1.806 Hz 


































1st flapwise mode. 20 m/s.
Tip amp. = 0.50 m
Frequency = 1.806 Hz 




C_L and C_D dyn. stall.
C_L dyn. stall.
C_D dyn. stall.
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Angle of attack [deg]
Static and dynamic drag.
1st flapwise mode
Frequency = 1.805 Hz 
Amplitude at tip = 0.5 m
Wind speed = 20 m/s
τ f = 6.00η
c = 0.95
C_D,sta : r = 15.0 m















Angle of attack [deg]
Static and dynamic lift.
1st flapwise mode
Frequency = 1.805 Hz 
Amplitude at tip = 0.5 m
Wind speed = 20 m/s
τ f = 6.00η
c = 0.95
C_L,sta : r = 15.0 m
C_L,dyn : r = 15.0 m
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Tip amp. = 0.20 m





























Tip amp.  = 0.50 m




τ f = 0.00τ f = 3.00τ f = 6.00τ f = 9.00























Tip amp. = 0.20 m
Frequency = 2.963 Hz
a: No dynamic stall.
b: Dyn. stall. τ f = 6.00
c: a - 2 deg. vib. dir. offset

























Tip amp.  = 0.50 m
Frequency = 1.806 Hz 
a: No dynamic stall.
b: Dyn. stall. τ f = 6.00
c: a - 2 deg. vib. dir. offset
d: b - 2 deg. vib. dir. offset
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LM-19.0 airfoil lift data.
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LM-19.0.  Mode shape 7 : 2.921 Hz.
Blade 1
Blade 2 Blade 3














  Positive deformation.
  Undeformed rotor.
\^] _ ` a bc d c d+e8f _ b g^] h bi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LM-19.0.  Mode shape 8 : 2.972 Hz.
Blade 1
Blade 2 Blade 3














  Positive deformation.
  Undeformed rotor.
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Inertia force. Rotor coordinates.
P&G Q K H D+R S T U SV L W X> A LD$G LD H Y G A0I ? H @ D+G L'H ? Y A Y G L Q
@ ? ? H C G L1A Y D Z S
;&æ ð ã-ä ó ô æ öð ç è ô ãç ôä ç ð ç è ô ã-ð æ 7ç ô õå æù ô ô æ ÷ è ã-ð ç å ä	è äô * ç ð è ã å ÷* 7ç ê å2ó ô ñ ñ ô õè ã éç æ ð ã-ä ó ô æ öð ç è ô ã
öð ç æ è ù å ä 8 ù ô ï å æ è ã éå è ç ê å æ<" ô æ
.




ù ô ä  c
 ﬂ







ä è ã c
 ﬂ









ù ô ä  c
 ﬂ
ä è ã c
 ﬂ

ä è ã c
 ﬂ
ù ô ä  c
 ﬂei
ﬃ
  ú !  
ﬂ
õê è ù ê ê-ð ï åj*-å å ãx÷ å æ è ï å ÷ ð ù ù ô æ ÷ è ã éÔç ôÔç ê åÔ÷ å k ã è ç è ô ã-äﬀè ã¶û6è é ò æ ål ú ! )-úmå é ñ å ù ç è ã éDç ê å
n
^
î ù ô öø-ô ã å ã ç 8Põê è ù êÉè älo å æ ô8;è ú å úPò-ä è ã é¶ç ê å æ è é ê çÓö8ð ç æ è p¶ó æ ô örq9 ò-ð ç è ô ãa ú !  8Pç ê å
ç æ ð ã-ä ó ô æ ö8ð ç è ô ã8æ å ä ò ñ ç äè ã;ç ê å2ó ô æ ù å2ï å ù ç ô æè ãPä ç ð ç è ô ã-ð æ 78ù ô ô æ ÷ è ã-ð ç å ä
s
 t













exŁ         



















































































































 ® ¯ ° ± 
²³
 








µ3µ » ¼ µ ¹(  µﬁ½ ´ µ ¾ ¶ µ Ł ¿j 







¸   
º
´ ¿
Ł   ´ »  
º











µ ¸ µ ´0Æ
º








¸   ¼
½  ´ Ł µ( e ¸
º
¸   
º
´ ¿+Ł   ´ »  
º
¸ µ &Ł  ´ ´ µ  Á »   ¼0¸ +È¾ ¶
º









· µ ½ ¸Á ·  ¸ ¸
³
µ<Ê ¼ ¶ ´ µ<
³
 ¹0  µ<Ł 
Ã
Á · µ ¸ µ$Ł ¿ Ł · µ0 ½1¸
³










¸&Á ·  ¸
Ł  Æ µ ´ &  µ+Ł 
Ã




´ ´  ¹0& 
¸
³






¸   »  ´ µ Ł ¸   
 ½1¸
³





























Inertia force. Tower coordinates.
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Inertia force. Circular components.
Progressive (ωe + Ω )
Retrograde (ωe -- Ω )
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Edgewise blade root bending moment. 23.2 m/s.
















Edgewise blade root bending moment. 23.2 m/s.
Blade 1. Sim. Rhi3.
cd e f g hji k l m k.nﬀo hqp d rLf s t u h vwh v e h xd p hzy s t v hjg { { ur;{ r;h |ﬀu pX} { gqu x{w~ t p h p k"    0t p d ~
~ { |  e f g t u d { |ﬀk\	^  ]   ﬀo t } up u d | h p pJd | ~ g h t p h v k
#$ %HB *ﬀB A E ' 8 '8 '7ﬀB ' % CL) *;- $ % ' %0,L) ,;% * - ' U B *ﬀC;- $ % & % + ) & %- $ %0( & ) (ﬀ) & - 8 ) *ﬀB A 8 - EJ+ B D - ) &Ł z+ & ) ,
b 1ﬀB - 8 ) *XI @ ﬀ>;8 'J8 * W ) A W % C8 *- $ %KD B A D 1 A B - 8 ) *ﬀ' @#$ %ﬂB D - 1ﬀB AW B A 1 %) +H;Ł 8 'LB ( ( & )  8 ,B - % A E
> G 3 3J4 ,ﬂN ,ﬂ@
 *XP	8 Q 1 & % 'LI @ > ? = I @ G Gﬂ- $ %KB *ﬀB A E ' 8 'J& % ' 1 A - 'L+ ) &;- $ %ﬂ7ﬀB ' 8 DD B ' %ﬂB & %ﬂ' $ ) 9*	@P	8 Q 1 & %ﬂI @ > ?K' $ ) 90'
>' % D ) *ﬀC0) + - $ %- 8 ,L%- & B D %+ ) &B A A - $ & % %% C Q % 98 ' %7 A B C %- 8 (JC % + ) & ,;B - 8 ) *ﬀ' B *ﬀCH- $ %(ﬀ) 9% &' (ﬀ% D - & B A
C % *ﬀ' 8 - 8 % ' @#$ %% C Q % 98 ' %;W 8 7 & B - 8 ) *B -LG @ ?ﬂTﬂC ) ,;8 *ﬀB - % 'H- $ %& % ' (ﬀ) *ﬀ' % @#$ %K> + & % b 1 % *ﬀD E8 '
3 @  ?JT @  *ﬂP	8 Q 1 & %HI @ G 3H- $ %H- 8 ,;%0- & B D %0+ ) &7 A B C %L>08 '' $ ) 9*;+ ) &G @ 2J& ) - ) && % W ) A 1 - 8 ) *ﬀ' @ #$ %;> 
D ) ,L(ﬀ) * % * - U D B A D 1 A B - % CJB D D ) & C 8 * Q0- )Hb 1ﬀB - 8 ) *LI @  ﬀU 8 '' $ ) 9*J8 *J- $ %F Q 1 & % @ #$ %C 8 ' D ) * - 8 * 1 8 - 8 % '
8 *- $ %ﬂ> D 1 & W %;B & %;C 1 %L- )ﬂ- $ %B W % & B Q 8 * Q;(ﬀ% &H& ) - ) &0& % W ) A 1 - 8 ) *B *ﬀCK7ﬀB ' 8 D B A A ED B 1ﬀ' % Cﬂ7 EK- $ %
- 8 ,L%JW B & E 8 * Qﬂ> XB % & ) = A ) B C @
#$ %& 8 Q $ -( A ) -8 *P	8 Q 1 & %I @ G 30' $ ) 90'	- $ %A ) D B A 7 A B C %9$ 8 & A C % + ) & ,;B - 8 ) *;D ) ,;(ﬀ) * % * - 'D B A D 1 A B - % C
B D D ) & C 8 * Q;- )ﬂb 1ﬀB - 8 ) *ﬀ'I @ M M;B *ﬀCﬂI @ M ﬀ@ #$ % EW B & Eﬂ98 - $K- 8 ,L%;C 1 %J- );- $ %L8 *ﬀD & % B ' 8 * Q;% C Q % 98 ' %
W 8 7 & B - 8 ) *	@#$ %K9$ 8 & AHD ) ,;(ﬀ) * % * - 'B & %KD B A D 1 A B - % CX+ ) &% B D $[D ) ,;( A % - %D E D A %K) +H- $ %K% C Q % 98 ' %
W 8 7 & B - 8 ) *	UB ' ' 1 ,;8 * Q- $ﬀB -ﬂ- $ %W 8 7 & B - 8 ) *[8 '$ﬀB & ,;) * 8 DC 1 & 8 * Q- $ 8 'ﬂ(ﬀ% & 8 ) C @#$ 8 'ﬂD B A D 1 A B - 8 ) *
8 'L% b 1 8 W B A % * -;- )"- $ %> q%  (ﬀB *ﬀ' 8 ) *[C % ' D & 8 7ﬀ% C8 *b 1ﬀB - 8 ) *XI @  ﬀU7 1 -* ) 9z- $ %K+ & % b 1 % *ﬀD E8 '

UB *ﬀC"- $ %(ﬀ% & 8 ) C"8 ' 
 
@ -L8 'J) 7ﬀ' % & W % C- $ﬀB -L- $ %ﬂ7ﬀB D 4 9B & CXZ ) &L& % - & ) Q & B C % `JD ) ,;(ﬀ) * % * -L8 '
C ) ,;8 *ﬀB - 8 * Qﬀ@ #$ 8 'HD ) ,L(ﬀ) * % * -0$ﬀB '0- $ %;+ & % b 1 % *ﬀD E

8 *- $ %;' - B - 8 ) *ﬀB & EKD ) ) & C 8 *ﬀB - % ' @ﬀ#$ %
D ) & & % ' (ﬀ) *ﬀC 8 * Q8 * = ( A B * %8 * % & - 8 BK+ ) & D %8 'L' $ ) 9*8 *X- $ %ﬂA % + -;( A ) -;8 *XP	8 Q 1 & %KI @ G >+ ) &L- $ %ﬂ- 8 ,L%
( % & 8 ) CK> ? 3 = G 3 3L' % D ) *ﬀC ' @ #$ %JB & & ) 90'8 *ﬀC 8 D B - %J- $ﬀB -- $ %H& ) - B - 8 ) *ﬂC 8 & % D - 8 ) *ﬂ8 '7ﬀB D 4 9B & C ' @
#$ %ﬂ- ) 9% &L- ) (X- 8 A -;B *ﬀC"E B 9z7ﬀ% *ﬀC 8 * Q,;) ,L% * - 'J+ ) &L- $ %K' B ,;%> ? 3 = G 3 3K' % D ) *ﬀC 'J- 8 ,L%ﬂ(ﬀ% & 8 ) C
B & %J' $ ) 9*ﬂ8 *ﬂ- $ %L& 8 Q $ -( A ) -0) +P	8 Q 1 & %LI @ G > U 9$ % & %J- $ %LD 1 & W %L' $ ) 90'- $ %J- & B D %J) +- $ %J& ) - B - 8 * Q
,L) ,L% * -B -- $ %0- ) 9% &- ) (	@ [2J' % D ) *ﬀC '(ﬀ% & 8 ) CL) +ﬀ- $ %0- 8 ,;%- & B D % ') +ﬀ- $ % ' %,;) ,L% * - 'B & %0' $ ) 9*
8 *ﬂP	8 Q 1 & %HI @ G GJ- ) Q % - $ % &98 - $- $ %H(ﬀ) 9% &' (ﬀ% D - & B A C % *ﬀ' 8 - 8 % ' @ #$ %JC ) ,L8 *ﬀB - 8 * QL& ) - B - 8 * QJ,;) ,L% * -
B -- $ %H- ) 9% &- ) (K' $ ) 9*8 *ﬂP	8 Q 1 & %JI @ G >0$ﬀB '- $ %H+ & % b 1 % *ﬀD E
X
G @ ;T U 7 1 -8 *- $ %H(ﬀ) 9% &
? R 8 '   = = > 3  2 Z 0`
¡ ¢ﬀ£ ¤ ¥ ¦ § ¨j¥ © £0ª«ﬀ¬K­X®[¯ ° ±L²³´ ¡´ µ £ ¶ ¥ ´ · £ µ;¸ ¡¹£ º º ° »¼ ¥ ©;¥ © £ ¡ £½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡¨;´ ¿ © ¥Àﬀ£0£ ¡ ¡ £ ¶ ¥ ´ ¸ º
½ ¼ ¦J¥ © £¤ ¼ § ¢ º ´ ¶ ¿ﬂÀﬀ£ ¥ ¹£ £ ¶[Á Â Ã Ä ÁÅ Á Ä Æ ÇÈÉ Ê Ë Á	¸ ¶ﬀµ"Ì Á Â Å Ä ÁË Â Í Â ËÈ	É Ê Ë Á °	Î ½¸ ¶ Ï¼ ½¥ © £ ¨¸ ¦ £¤ º ¼ ¡ £
¥ ¼J¥ © £H¿ º ¼ Àﬀ¸ ºﬀ¦ ¼ ¥ ¼ ¦¹© ´ ¦ ºﬀ½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡ Ð ¡ ´ ¿ ¶ ´ ·ﬀ¤ ¸ ¶ ¥£ Ñ ¤ ©ﬀ¸ ¶ ¿ £0¼ ½ £ ¶ £ ¦ ¿ ÏL¨;´ ¿ © ¥¥ ¸ Ò £0¢ º ¸ ¤ £ Ð ¹© ´ ¤ ©
¡ £ £ ¨;¡¥ ¼;Àﬀ£J¥ © £J¤ ¸ ¡ £H© £ ¦ £ °
Ó
À Ô ´ ¼ §ﬀ¡ º Ï Ð ¥ © £H£ Ñ ¢ º ¸ ¶ﬀ¸ ¥ ´ ¼ ¶;¼ ½ ¥ © ´ ¡£ ¶ £ ¦ ¿ ÏL£ Ñ ¤ ©ﬀ¸ ¶ ¿ £0´ ¡¶ ¼ ¥¡ ¥ ¦ ¸ ´ ¿ © ¥ ½ ¼ ¦ ¹¸ ¦ µ ° Õ© £0½ ¦ £ ¾ § £ ¶ﬀ¤ ÏL¼ ½
¥ © £;Ö × ØJÀﬀ¸ ¤ Ò ¹¸ ¦ µﬂ¦ ¼ ¥ ¼ ¦H¹© ´ ¦ º	¨;¼ µ £ Ðﬀ¹© ´ ¤ ©¹£L¹¼ § º µﬂ£ Ñ ¢ﬀ£ ¤ ¥0¥ ¼ﬂ¢ﬀ¸ ¦ ¥ ´ ¤ ´ ¢ﬀ¸ ¥ £J´ ¶K¥ © £¤ ¼ § ¢ º ´ ¶ ¿
¹´ ¥ ©¥ © £ﬂ´ ¶ Ù ¢ º ¸ ¶ £ﬂ´ ¶ £ ¦ ¥ ´ ¸ﬂ½ ¼ ¦ ¤ £ Ð´ ¡;¸ ¢ ¢ ¦ ¼ Ñ ´ ¨;¸ ¥ £ º Ï¯ ° ±"²³K¸ ¡L¡ © ¼ ¹¶"º ¸ ¥ £ ¦;´ ¶[Ú £ ¤ ¥ ´ ¼ ¶XÛ ° ±ﬀ°	Î ½
¹£;¤ ¼ ¶ﬀ¡ ´ µ £ ¦H¥ © £;´ ¶ Ù ¢ º ¸ ¶ £L´ ¶ £ ¦ ¥ ´ ¸½ ¼ ¦ ¤ £;¥ ¼ﬂÀﬀ£;¥ © £L£ Ñ ¤ ´ ¥ ¸ ¥ ´ ¼ ¶	Ð ´ ¥J´ ¡J¡ § ¦ ¢ ¦ ´ ¡ ´ ¶ ¿¥ ¼ﬂ¼ Àﬀ¡ £ ¦ Ô £L¥ ©ﬀ¸ ¥
¥ © £L¢ ¦ ¼ ¿ ¦ £ ¡ ¡ ´ Ô £J¤ ¼ ¨;¢ﬀ¼ ¶ £ ¶ ¥ Ð ¹© ´ ¤ ©K©ﬀ¸ ¡¥ © £L¡ ¸ ¨L£J½ ¦ £ ¾ § £ ¶ﬀ¤ Ï´ ¶K¥ © £L¡ ¥ ¸ ¥ ´ ¼ ¶ﬀ¸ ¦ Ïﬂ¤ ¼ ¼ ¦ µ ´ ¶ﬀ¸ ¥ £ ¡ Ð ´ ¡
¢ ¦ ¸ ¤ ¥ ´ ¤ ¸ º º ÏL³ £ ¦ ¼ﬀÐ ¸ ¶ﬀµ;¶ ¼J£ Ñ ¤ ´ ¥ ¸ ¥ ´ ¼ ¶¡ © ¼ § º µ;¥ ¸ Ò £0¢ º ¸ ¤ £ ° ²¼ ¹£ Ô £ ¦ Ð ¥ © £ ¼ ¦ Ï;Àﬀ¸ ¡ £ µL¼ ¶¤ ¸ º ¤ § º ¸ ¥ ´ ¼ ¶ﬀ¡
¼ ½ ¹¼ ¦ ÒH¢ﬀ£ ¦ ½ ¼ ¦ ¨;£ µJÀ ÏJ¥ © £´ ¶ Ù ¢ º ¸ ¶ £½ ¼ ¦ ¤ £¼ ¶J¥ © £© § ÀL´ ¶ﬀµ ´ ¤ ¸ ¥ £ ¡¥ ©ﬀ¸ ¥¥ © £¢ ¦ ¼ ¿ ¦ £ ¡ ¡ ´ Ô £¤ ¼ ¨L¢ﬀ¼ ¶ £ ¶ ¥
£ Ñ ¤ ©ﬀ¸ ¶ ¿ £ ¡£ ¶ £ ¦ ¿ Ï;Ô ´ ¸J¥ © £H¦ ¼ ¥ ¼ ¦¹© ´ ¦ º ¨;¼ µ £J¸ ¥¯ ° ±;²³H¹´ ¥ ©¥ © £J¦ £ ¥ ¦ ¼ ¿ ¦ ¸ µ £À º ¸ µ £J¤ ¼ ¨;¢ﬀ¼ ¶ £ ¶ ¥ Ð
¹© ´ ¤ ©K´ ¶ﬀ¤ ¦ £ ¸ ¡ £ ¡¸ ¶ﬀµﬂ£ Ñ ¤ ´ ¥ £ ¡¥ © £L¦ ¼ ¥ ¼ ¦0¹© ´ ¦ º Ð ¶ ¼ ¥H¸ ¥H¸;¹© ´ ¦ º	½ ¦ £ ¾ § £ ¶ﬀ¤ Ï Ð À § ¥0´ ¶¸;½ ¼ ¦ ¤ £ µ¹© ´ ¦ º
¨L¼ Ô £ ¨;£ ¶ ¥0¸ ¥¥ © £LÖ ° ±²³H½ ¦ £ ¾ § £ ¶ﬀ¤ Ï °
Õ© £´ ¨L¢ﬀ¼ ¦ ¥ ¸ ¶ﬀ¤ £¼ ½ ¥ © £¤ ¼ ´ ¶ﬀ¤ ´ µ ´ ¶ ¿½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡ﬀ´ ¡ ½ § ¦ ¥ © £ ¦µ £ ¨;¼ ¶ﬀ¡ ¥ ¦ ¸ ¥ £ µ0À ÏH¥ © £¼ ¥ © £ ¦¤ ¸ º ¤ § º ¸ ¥ ´ ¼ ¶
¤ ¸ ¡ £ Ð ½ ¼ ¦¹© ´ ¤ ©J¥ © £¡ ©ﬀ¸ ½ ¥¡ ¥ ´ Üﬀ¶ £ ¡ ¡	©ﬀ¸ ¡ Àﬀ£ £ ¶J´ ¶ﬀ¤ ¦ £ ¸ ¡ £ µ ° Õ© ´ ¡¤ ¸ ¡ £´ ¡¸ ¶ﬀ¸ º Ï ³ £ µJ¸ ¶ﬀµH¥ © £¦ £ ¡ § º ¥ ¡	¸ ¦ £
¡ © ¼ ¹¶H´ ¶LÝ	´ ¿ § ¦ £ ¡	Û ° Ö ¯ Ù Û ° Ö Û ° Õ© £´ ¶ﬀ¤ ¦ £ ¸ ¡ £ µJ¡ ¥ ´ Üﬀ¶ £ ¡ ¡¤ ©ﬀ¸ ¶ ¿ £ ¡ﬀ¥ © £¿ º ¼ Àﬀ¸ º ¦ ¼ ¥ ¼ ¦	¹© ´ ¦ º ½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡ Ð
¸ ¶ µJ¥ © ££ µ ¿ £ ¹´ ¡ £Ô ´ À ¦ ¸ ¥ ´ ¼ ¶L´ ¡	¨L§ﬀ¤ ©;º £ ¡ ¡µ ¼ ¨L´ ¶ﬀ¸ ¥ ´ ¶ ¿H¥ ©ﬀ¸ ¶;´ ¶L¥ © £¢ ¦ £ Ô ´ ¼ §ﬀ¡¤ ¸ ¡ £ ° Õ© £Àﬀ¸ ¤ Ò ¹¸ ¦ µ
¦ ¼ ¥ ¼ ¦¹© ´ ¦ º ½ ¦ £ ¾ § £ ¶ﬀ¤ ÏJ´ ¡¶ ¼ ¹"´ ¶ﬀ¤ ¦ £ ¸ ¡ £ µJ¥ ¼J¸ ¢ ¢ ¦ ¼ Ñ ´ ¨¸ ¥ £ º ÏJ¯ ° ÛH²³0¸ ¡¡ © ¼ ¹¶Jº ¸ ¥ £ ¦´ ¶Ú £ ¤ ¥ ´ ¼ ¶;Û ° ±ﬀ°
Î ¶.¸[µ £ ¡ ´ ¿ ¶q¡ ´ ¥ §ﬀ¸ ¥ ´ ¼ ¶.´ ¥K´ ¡ﬂ´ ¨L¢ﬀ¼ ¦ ¥ ¸ ¶ ¥ﬂ¥ ¼µ £ ¥ £ ¦ ¨L´ ¶ £"¥ © £X¸ ¤ ¥ §ﬀ¸ ºLÔ ¸ º § £ ¡ﬂ¼ ½;Àﬀ¼ ¥ ©.¥ © £º ¼ ¤ ¸ º
À º ¸ µ £H¹© ´ ¦ º ½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡¸ ¶ﬀµ¥ © £H¿ º ¼ Àﬀ¸ º ¦ ¼ ¥ ¼ ¦¹© ´ ¦ º	½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡ Ð ´ ½	¹£H¹¸ ¶ ¥¥ ¼;Ò ¶ ¼ ¹JÐ ¹© £ ¥ © £ ¦
¤ ¼ ´ ¶ﬀ¤ ´ µ £ ¶ﬀ¤ £;´ ¡H¥ ¸ Ò ´ ¶ ¿K¢ º ¸ ¤ £ °	Õ© £À º ¸ µ £;½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡J¤ ¸ ¶"Àﬀ£µ £ ¥ £ ¦ ¨L´ ¶ £ µ¹´ ¥ ©"¿ ¼ ¼ µ"¸ ¤ ¤ § ¦ ¸ ¤ Ï
½ ¦ ¼ ¨.¥ © £¢ﬀ¼ ¹£ ¦¡ ¢ﬀ£ ¤ ¥ ¦ ¸0¼ ½ ¥ © ££ µ ¿ £ ¹´ ¡ £¦ £ ¡ ¢ﬀ¼ ¶ﬀ¡ £¸ ¡µ £ ¨;¼ ¶ﬀ¡ ¥ ¦ ¸ ¥ £ µJ½ ¼ ¦´ ¶ﬀ¡ ¥ ¸ ¶ﬀ¤ £´ ¶;Ý	´ ¿ § ¦ £Û ° Þ ß °
Õ© £Kµ £ ¥ £ ¦ ¨L´ ¶ﬀ¸ ¥ ´ ¼ ¶¼ ½0¥ © £K¦ ¼ ¥ ¼ ¦L¹© ´ ¦ º½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡J´ ¡Lº £ ¡ ¡;¡ ¥ ¦ ¸ ´ ¿ © ¥ ½ ¼ ¦ ¹¸ ¦ µ Ð	¸ ¡L¥ © £ Ï¸ ¦ £º £ ¡ ¡
µ ¼ ¨;´ ¶ﬀ¸ ¥ ´ ¶ ¿[´ ¶q¥ © £X¡ ¢ﬀ£ ¤ ¥ ¦ ¸[¸ ¶ﬀµ¼ ½ ¥ £ ¶jµ ´ à¤ § º ¥K¥ ¼.µ ´ ¡ ¥ ´ ¶ ¿ § ´ ¡ ©.½ ¦ ¼ ¨á¼ ¥ © £ ¦K½ ¦ £ ¾ § £ ¶ﬀ¤ ´ £ ¡ °0Î ¶











































Ê Ì å Ë Ç"æ ç è é çJê0Ä ë Ê ÃXÃ Ä ë Ç çﬂì Ê í;Ç"Í Ë Ä Ã Ç ëÄ îﬀÆï Â ÈÇ Ëë ï Ç Ã Í Ë Ä ÁJÆ Ç î ë Ê Í Ê Ç ëÂ ðÇ Æ Ì Ç ÈÊ ë ÇÅ Á Ä Æ Ç"Í Ê ï
Æ Ç ð Â Ë í;Ä Í Ê Â î ë ç
ñ
´ ¡ ò Ù
ñ















1P component of edgewise tip deformation.


























Local blade whirl components.
Rhi1.u_p forwards
u_r backwards
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Tower top moments. 190-200 sec.
Rhi1.
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PSD of tower top moments. 23.2 m/s.
Rhi1. MxTT
MzTT
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1P component of edgewise tip deformation.

























Local blade whirl components.
Rhi3.u_p forwards
u_r backwards
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Tower top moments. 190-200 sec.
Rhi3.
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PSD of tower top moments. 23.2 m/s.
Rhi3. MxTT
MzTT
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Tower top tilt moment. Backward sweep excitation.
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Tower top moments. Backward sweep excitation.














Tower top moments. Backward sweep excitation.
F2: 4.4 Hz 2nd whirl forwards.
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2nd whirling backwards (rotating) - edgewise frequency  [Hz]
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Wind speed  [m/s]
Bonus 500 kW with LM 19.0.
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Wind speed  [m/s]
Bonus 500 kW with LM 19.0.






















Wind speed  [m/s]
Bonus 500 kW with LM 19.0.
Tip angle = -0.5 deg.
C_T. (Hawc sim.)
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PSD Free wind speed at hub. Stand still.


























PSD Edgewise moment, root. Stand still.
 
Meas. P_3_2610.a01.
HawC sim. Rst3. Blade 1.
HawC sim. Rst3. Blade 2.
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PSD Flapwise moment, root. Stand still.
 
Meas. P_3_2610.a01.
HawC sim. Rst3. Blade 1.
HawC sim. Rst3. Blade 2.
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PSD Free wind speed at hub. Operation 9.5 m/s.
(Mean, Stdev, Tuint) = (9.50 m/s, 2.5 m/s, 10.4%)
Meas. P_1_1010.a03.
HawC sim. Rlo2.
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PSD Free wind speed at hub. Operation 23.2 m/s.
(Mean, Stdev, Tuint) = (23.15 m/s, 2.80 m/s, 12.1%)
Meas. P_3_2410.a01.
HawC sim. Rhi1.
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Edgewise blade root bending moment. 23.2 m/s.
 
Meas. P_3_2410.a01.
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Edgewise blade root bending moment. 23.2 m/s.
 
Sim. Rhi1. Basic.
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PSD Edgewise moment, root. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.



























PSD Flapwise moment, root. Operation 23.2 m/s.
 
Meas. P_3_2410.a01
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PSD Shaft bending moment, x. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
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PSD Tower top torsional moment. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
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PSD Shaft torsional moment. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.











KL M N O PQ R S R'TU V
P O+W X P Y Z O N [0U \ﬁW ] ^ \ Z
Z U O _ N9P R
` a b c
d e f g cg ` h i j k lmﬁn





















PSD Edgewise moment, root. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
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PSD Flapwise moment, root. Operation 23.2 m/s.
 
Meas. P_3_2410.a01
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PSD Shaft bending moment, x. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
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PSD Tower top torsional moment. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.












®¯ ° ± ² ³´ µ Ã µ'¶· ¸
³ ²+¹ º ³ » ¼ ² ± ½0· ¾+¼ · ¸
³ ²+¼ · º;Ä À ¸¯ Â °6½7· ½7³ Â9¼ µ
Å Æ Ç È




















PSD Shaft torsional moment. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
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Edgewise blade root bending moment. 23.2 m/s.
 
Sim. Rhi1. Basic.
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Edgewise blade root bending moment. 23.2 m/s.
 
Sim. Rhi3. Shaft stiff.
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PSD Edgewise moment, root. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.



























PSD Flapwise moment, root. Operation 23.2 m/s.
 
Meas. P_3_2410.a01
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PSD Shaft bending moment, x. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
































PSD Tower top torsional moment. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
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PSD Shaft torsional moment. Operation 23.2 m/s.
 
Meas. P_3_2410.a01.
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Rotor rotational frequency  [Hz]
Rotor global whirl frequencies. Example 1.
IT  = 2.5 e5 kgm^2
kN  = 1.4 e7 Nm/rad
kxT = 1.6 e8 Nm/rad




















Rotor rotational frequency  [Hz]
Rotor global whirl frequencies. Example 2.
IT  = 2.5 e5 kgm^2
kN  = 4.0 e7 Nm/rad
kxT = 6.0 e7 Nm/rad
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